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(5)  INTRODUCTION 

Distinct  cancer  types  have  been  correlated  with  several  proteins  that  are  involved  in  the 
G1  to  S  transition  of  the  mammalian  cell  cycle  (Funk,  1999;  Molinari,  2000).  In  particular,  the 
inability  to  inhibit  the  activity  of  the  paralogs,  cyclin-dependent  kinases  4  and  6  (CDK4/6)  are 
implicated  in  more  than  80%  of  human  neoplasias  (Ortega  et  ah,  2002).  For  example,  the  gene 
encoding  the  CDK4/6  inhibitory  protein,  pl6INK4,  is  deleted  or  mutated  in  the  majority  of 
leukemias,  bladder  cancers  and  familial  melanomas  (Roussel,  1999).  The  CDK4/6  stimulatory 
subunit,  cyclin  Dl,  is  commonly  found  to  be  overexpressed  or  gene  amplified  in  spontaneous 
breast  cancers  (Donnellan  and  Chetty,  1998;  Khoo  et  ah,  2002),  and  overexpression  of  cyclin  Dl 
in  mice  leads  to  death  due  to  breast  cancer  (Wang  et  ah,  1994).  Finally,  CDK4  itself  is 
overexpressed  or  gene  amplified  in  about  one  third  of  breast  cancers  (Ortega  et  al.,  2002). 
Together,  these  observations  indicate  that  deregulation  of  the  G1  to  S  transition  of  the 
mammalian  cell  cycle  is  tightly  linked  to  the  onset  of  several  different  cancer  types,  and  that  the 
CDK4/6  protein,  in  particular,  is  an  excellent  candidate  for  targeted  inhibition  for  the  treatment 
of  breast  cancer. 

The  vast  majority  of  currently  available  CDK4/6  inhibitors  have  structural  similarity  to  the 
common  kinase  cofactor  ATP  and,  as  a  result  of  this,  a  major  obstacle  in  developing  these 
inhibitors  into  clinically  useful  drugs  is  overcoming  harmful  side  effects  due  to  a  lack  of  CDK4/6 
specificity  (Toogood,  2001).  Here,  we  propose  to  prepare  a  CDK4/6-specific  kinase  inhibitor  that 
is  based  on  the  naturally  occurring  CDK4/6  specific  inhibitory  proteins  of  the  INK4  family 
(Carnero  and  Hannon,  1998).  Towards  this  goal,  we  have  previously  determined  the  structure  of 
the  INK4  protein  pi 8INK4c  revealing  5  contiguous  ankyrin-like  repeats  (Venkataramani  et  al., 
1998).  Another  structure  of  CDK6  in  complex  with  pl8INK4c  that  was  reported  by  Jeffrey  et  al. 
(Jeffrey  et  al.,  2000)  reveals  that  repeats  2  and  3  mediate  most  of  the  inhibitory  interactions  with 
CDK6.  Based  on  these  results,  we  hypothesize  that  a  modified  and  truncated  p  1  8INK4l  protein 
(INK4-mod2-3)  could  be  prepared  harboring  only  ankyrin-like  repeats  2  and  3  in  addition  to  amino 
acid  substitutions  that  enhance  the  proteins  CDK4/6  inhibitory  activity.  Modifications  in  pl8INK4c 
would  include  amino  acid  substitutions  that  increase  the  stability  of  the  inhibitory  domain  in  order 
to  raise  the  likelihood  of  autonomous  folding,  and  to  increase  the  affinity  of  pl8INK4c  for  CDK4/6. 
INK4-mod2-3  would  then  serve  as  a  potent  CDK4/6-specific  peptide  inhibitor  itself  as  well  as  an 
excellent  scaffold  for  the  design  of  even  smaller  peptide  or  small  molecule  non-peptidic  mimics 
that  might  have  clinical  application  for  the  specific  inhibition  of  CDK4/6  for  the  treatment  of 
breast  cancer. 

The  Specific  Aims  of  the  proposal  were  to  (1)  Prepare  and  characterize  site-directed 
mutants  of  pl8INK4c  with  increased  protein  thennostability,  association  with  CDK4/6,  and  cell- 
cycle  inhibitory  activity  in  vivo,  (2)  Prepare  an  autonomous  ankyrin-like  region  2-3  peptide 
derived  from  the  optimally  modified  pl8INK4c  (INK4-mod2-3)  protein  prepared  in  aim  1,  (3) 
Determine  the  X-ray  crystal  structure  of  INK4-mod2-3  in  complex  with  CDK6,  and  (4)  Use  the 
structural  information  from  the  CDK6/  INK4-mod2-3  complex  to  initiate  the  structure-based 
design  of  peptide  or  small  molecule  non-peptidic  mimics  of  INK4-mod2-3. 
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(6)  BODY 

During  the  first  year  of  the  funding  period  we  completed  most  of  Aiml  (Tasks  1-3)  to 
prepare  and  characterize  site  directed  mutants  of  pl81NK4c  with  increased  protein  thermostability, 
association  with  CDK4/6  and  cell-cycle  inhibitory  activity.  Specifically,  we  used  a  combination 
of  structure-based  mutagenesis,  structural  studies,  and  in  vitro  and  in  vivo  studies  to  identify 
three  pl8INK4c  mutant  proteins  with  increased  protein  thermostability  and  CDK4/6  inhibitor 
activity,  F71N,  F82Q  and  F92N.  Of  these  three  pl8INK4c  mutant  proteins  the  F71N  mutant 
showed  the  most  significant  enhancement  in  protein  stability  and  CDK4/6  inhibitory  activity.  A 
manuscript  describing  these  studies  was  published  in  the  Journal  of  Biological  Chemistry  and  is 
included  in  the  Appendix  of  this  report  (Venkataramani  et  al.,  2002). 

An  assumption  of  the  studies  with  pl8INK4c  was  that  the  mutations  that  stabilize  this 
member  of  the  INK4  proteins  would  also  stabilize  the  pl6INK4a  protein,  thereby  allowing  us  to  use 
plgiNK4c  as  a  Slljlabic  ni0(:lel  system  for  designing  small  pl6INK4a  mimics  for  CDK4/6  inhibition. 
We  spent  the  second  year  of  the  funding  period  testing  this  assumption  by  preparing  pl61NK4a 
mutations  that  correspond  to  the  F71N.  F820  and  F92N  mutations  prepared  for  p!81NK4c. 
Therefore,  we  prepared  the  pl6INK4a  mutant  proteins  T79Q,  T79N,  F90N  and  A100N.  Each  of 
these  mutant  proteins  were  prepared  by  site-directed  mutagenesis,  and  the  proteins  overexpressed 
in  bacteria  as  inclusion  bodies.  The  proteins  were  then  solubilized  by  suspending  them  in  6M 
urea  and  refolded  them  by  dialysis  against  a  buffer  in  the  absence  of  urea.  Each  of  the  soluble 
and  refolded  proteins  was  chromatographed  on  gel  filtration  using  a  Superdex-75  column. 
Surprisingly,  we  found  that  while  the  majority  of  the  native  pl6INK4a  protein  chromatographs  as  a 
monomeric  protein,  each  of  the  mutants  show  a  large  percentage  of  protein  in  the  aggregated 
form  (in  the  void  volume  of  the  column),  suggesting  that  each  of  the  pl6INK4a  mutants  that  we 
prepared  are  less  stable  than  the  native  protein.  Crystallization  trails  with  each  of  these  pl6INK4a 
mutant  proteins  were  also  unsuccessful.  Based  on  these  studies,  we  concluded  that  p!81NK4c  may 
not  serve  as  a  suitable  model  for  designing  more  thermostable  pl61NK4a  proteins.  In  light  of  this, 
we  have  now  modified  our  Aims  to  directly  study  site-directed  mutations  and  protein  truncations 
in  p!6INK4a.  rather  than  p!81NK4c. 

While  we  were  designing  stabilizing  mutations  in  pl6INK4a,  we  noted  a  manuscript 
published  by  Peng  and  colleagues  in  which  the  authors  used  several  complementary  techniques 
to  identify  three  stabilizing  mutations  in  pl6INK4a  (Cammett  et  al.,  2003).  These  mutations  are 
W15D,  L37S  and  L121R.  Interestingly  a  combination  of  these  stabilizing  mutations  (called 
HTM  for  hyper  stable  triple  mutant)  has  an  additive  thermostability  with  the  HTM  mutant  being 
1.4  kcal/mol  more  stable  than  the  wild- type  protein.  In  addition,  the  HTM  pl6INK4a  mutant  was 
able  to  rescue  the  oncogeneic  R24P,  P81L  and  V126D  pl6INK4a  mutants  for  CDK4  binding.  We 
decided  to  take  advantage  of  these  seminal  findings  by  preparing  the  HTM  pl6INK4a  mutant 
protein  for  our  studies.  We  therefore  spent  the  third  year  of  the  funding  period  working  on  the 
HTM  pl61NK4a  mutant  with  the  following  goals  in  mind  (1)  Prepare  a  recombinant  form  of  the 
HTM  pl61NK4a  mutant,  and  (2)  purify  and  crystallize  the  HTM-pl61NK4a  protein  and  determine  its 
three  dimensional  structure.  We  hypothesized  that  the  HTM  pl6INK4a  structure  would  serve  as  a 
structural  scaffold  for  Aims  2  and  3  of  the  initial  proposal. 
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During  the  third  year  of  the  funding  period  we  have  successfully  employed  site  directed 
mutagenesis  to  prepare  the  recombinant  HTM-pl6INK4a  protein  and  have  purified  the  protein  to 
homogeneity  using  a  combination  of  ion-exchange  and  gel  filtration  chromatography  (Figures  la 
and  lb).  We  have  carried  our  crystallization  trails  with  this  protein  with  several  different 
factorial  screens,  initially  at  two  different  temperatures,  18  °C  and  4  °C.  The  crystallization 
factorial  screens  (Cudney  et  al.,  1994;  Jancarik  and  Kim,  1991;  Scott  et  al,  1995)  that  we 
employed  were  from  Hampton  Research,  Molecular  Dimensions,  Jena  Bioscience  and  DeCode 
Genetics.  In  addition,  we  employed  grid  screens,  in  which  various  precipitants  were  titrated  as  a 

function  of  pH,  supplied  by 
Hampton  Research.  Using  this 
strategy,  we  have  recently 
obtained  several  preliminary 
crystal  forms  (Figure  lc).  A 
common  factor  with  the 
conditions  that  produce  crystals  is 
that  they  are  formed  at  4  °C  and 
with  the  precipitating  agent  PEG 
3.5K.  Over  the  coming  year  we 
will  use  crystallization  refinement 
strategies  to  improve  the  quality  of 
these  crystals  so  that  they  can  be 
analyzed  using  X-ray 
crystallography.  We  then  plan  to 
determine  the  X-ray  crystal 
structure  of  HTM-pl6INK4a  and  to 

Figure  1.  Preparation  of  preliminary  crystals  of  HTM-pl8INK4a.  ttse  it  as  a  scaffold  for 
(a)  Gel  filtration  chromatography  of  the  protein  (red)  overlaid  accomplishing  Aims  2  and  3  of 
with  molecular  weights  standards  (blue),  (b)  SDS-PAGE  showing  the  initial  proposal, 
the  elution  of  homogeneous  HTM-pl8INK4a  across  the  peak,  (c) 

Preliminary  crystals  of  HTM-pf8INK4a. 


(7)  KEY  RESEARCH  ACCOMPLISHMENTS 

Year  1 

Prepared  recombinant  pl8INK4c  mutant  proteins  with  increased  stability  and  CDK4/6 
inhibitory  activity. 

Carried  out  a  detailed  functional  characterization  of  these  pl8INK4c  mutant  proteins  to 
identify  the  more  stable  F71N,  F82Q  and  F92N  mutants. 

Determined  the  X-ray  crystal  structure  of  three  of  the  most  thermostable  pl8INK4c  mutants, 
F71N,  F82Q  and  F92N. 

Identified  the  F7 IN  pl8INK4c  mutant  as  a  promising  lead  stability  mutant  for  further 
characterization. 

Year  2 

Prepared  recombinant  pl6INK4a  mutant  proteins  (T79Q,  T79N,  F90N  and  A100N)  that 
were  predicted  to  have  increased  thermal  stability. 
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Characterized  the  gel  filtration  behavior  of  the  pl6INK4a  mutants  described  above  leading 
to  the  conclusion  that  the  INK4  protein  pl81NK4c  does  not  serve  as  a  good  model  for 
designing  more  thermostable  pl6INK4a  proteins. 

Year  3 

Prepared  recombinant  HTM-pl6INK4a  mutant  protein  and  purified  this  protein  to 
homogeneity  for  crystallization  efforts. 

Prepared  preliminary  crystals  of  HTM-pl6INK4a. 

(8)  REPORTABLE  OUTCOMES 

Venkataramani,  R.N.,  MacLachlan,  T.K,  Chai,  X.,  El-Deiry,  W.S.  and  Marmorstein,  R. 
“Structure-Based  Design  of  More  Stable  pl8INK4c  Proteins  with  Increased  CDK  Inhibitory 
Activity.”  (2002),  J.  Biol.  Chem.,  277 ,  48827-48833. 

(9)  CONCLUSIONS 

During  the  first  year  of  the  funding  period  we  have  successfully  completed  tasks  1-3  of 
the  proposal.  Specifically,  we  have  prepared  p  1  8INK4l  mutant  proteins  that  harbor  increased 
protein  stability  and  CDK4/6  inhibitory  activity.  During  the  second  year  of  the  funding  period 
we  addressed  whether  the  INK4  protein,  pl8INK4c,  serves  as  a  good  model  system  for 
understanding  the  structure  and  stability  of  pl6INK4a  and  discovered  that  it  does  not.  During  the 
third  year  of  the  funding  period  we  prepared  a  thennostable  pl6INK4a  variant  called  HTM-pl6INK4a 
and  have  obtained  preliminary  crystals  of  this  protein.  Over  the  coming  year  we  will  use 
crystallization  refinement  strategies  to  improve  the  quality  of  these  crystals  and  the  resulting 
refined  crystals  for  X-ray  structure  determination  of  HTM-pl6INK4a.  We  will  then  use  the  HTM- 
plt)iNK4a  structure  as  a  scaffold  to  accomplish  Aims  2  and  3  of  the  initial  proposal. 

Since  the  hyperactivity  of  the  CDK4/6  kinase  is  associated  with  a  large  number  of 
cancers  including  a  significant  number  of  breast  cancers,  CDK4/6  is  a  highly  relevant  target  for 
the  development  of  inhibitory  compounds  that  may  provide  effective  therapeutics  for  the 
treatment  of  breast  cancer.  Unfortunately,  the  vast  majority  of  currently  available  CDK4/6 
inhibitors  have  structural  similarity  to  the  common  kinase  cofactor  ATP  and,  as  a  result  of  this;  a 
major  obstacle  in  developing  these  inhibitors  into  clinically  useful  drugs  is  overcoming  harmful 
side  effects  due  to  a  lack  of  CDK4/6  specificity.  Our  use  of  the  INK4  family  as  a  scaffold  will 
result  in  the  preparation  of  peptide  inhibitors  of  CDK4/6  with  enhanced  specificity.  The 
preparation  of  these  initial  peptides  will  than  lead  to  a  set  of  lead  peptides  or  non-peptidic 
compounds  that  can  be  further  developed  using  combinatorial  chemistry  approaches  (Beeley  and 
Berger,  2000;  Kirkpatrick  et  al.,  1999;  Leach  et  ah,  2000;  Roe  et  ah,  1998).  High  affinity 
compounds  developed  through  this  approach  can  then  be  tested  in  cell  culture  systems  and 
ultimately  through  clinical  trials  to  treat  CDK4/6-mediated  breast  cancers. 
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pl8INK4°  is  a  member  of  the  INK4  family  of  proteins 
that  regulate  the  G,  to  S  cell  cycle  transition  by  bind¬ 
ing  to  and  inhibiting  the  pRb  kinase  activity  of  cyclin- 
dependent  kinases  4  and  6.  The  pl6INK4a  member  of  the 
INK4  protein  family  is  altered  in  a  variety  of  cancers 
and  structure-function  studies  of  the  INK4  proteins 
reveal  that  the  vast  majority  of  missense  tumor-de¬ 
rived  pl6INK4a  mutations  reduce  protein  thermody¬ 
namic  stability.  Based  on  this  observation,  we  used 
pl8INK4c  as  a  model  to  test  the  proposal  that  INK4 
proteins  with  increased  stability  might  have  enhanced 
cell  cycle  inhibitory  activity.  Structure-based  mu¬ 
tagenesis  was  used  to  prepare  pl8INK4e  mutant  pro¬ 
teins  with  a  predicted  increase  in  stability.  Using  this 
approach,  we  report  the  generation  of  three  mutant 
plgiNK4C  proteinS)  F71N,  F82Q,  and  F92N,  with  in¬ 
creased  stability  toward  thermal  denaturation  of 
which  the  F71N  mutant  also  showed  an  increased  sta¬ 
bility  to  chemical  denaturation.  The  x-ray  crystal 
structures  of  the  F71N,  F82Q,  and  F92N  pl8INK4C  mu¬ 
tant  proteins  were  determined  to  reveal  the  structural 
basis  for  their  increased  stability  properties.  Signifi¬ 
cantly,  the  F71N  mutant  also  showed  enhanced  CDK6 
interaction  and  cell  cycle  inhibitory  activity  in  vivo,  as 
measured  using  co-immunoprecipitation  and  transient 
transfection  assays,  respectively.  These  studies  show 
that  a  structure-based  approach  to  increase  the  ther¬ 
modynamic  stability  of  INK4  proteins  can  be  exploited 
to  prepare  more  biologically  active  molecules  with  po¬ 
tential  applications  for  the  development  of  molecules 
to  treat  p!6INK4a-mediated  cancers. 


Progression  through  the  cell  cycle  is  monitored  at  the  Gj-S 
phase  checkpoint  by  active  complexes  between  cyclin-depend- 
ent  kinases  (CDK)1  4  and  6  and  the  D-type  cyclins  (Dl,  D2,  D3). 
The  INK4  family  of  proteins  plays  a  key  role  in  inhibiting  the 
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Gi-S  phase  cell  cycle  transition  by  specifically  inhibiting  the 
kinase  activity  of  CDK4-Cyclin  D  and  CDK6-Cyclin  D  com¬ 
plexes.  The  INK4  (inhibitors  of  CDK4)  family  of  proteins  con¬ 
sists  of  four  known  members:  pl6INK4a,  pl5INK4b,  pl8INK4c,  and 
pl9INK4d,  which  share  40%  sequence  identity  overall  and  struc¬ 
tural  homology  (1-5). 

The  INK4  family  members  have  indistinguishable  CDK/cy- 
clin  inhibitory  activity  when  assayed  in  vitro  (6),  but  appear  to 
have  distinct  functions  in  vivo.  For  example,  the  locus  on  9p21 
(MTS1)  expressing  pl6INK4a  is  a  frequent  target  of  genetic 
alterations  in  cancer,  while  the  genes  encoding  the  other  INK4 
proteins  are  much  less  commonly  mutated  in  cancer.  Specifi¬ 
cally,  gene  deletions  in  MTS1  and  promoter  methylation  often 
lead  to  transcriptional  silencing,  and  point  mutations  are  fre¬ 
quently  associated  with  several  different  types  of  cancer  (7-10). 
Nearly  55  different  residues  are  targeted  in  missense  muta¬ 
tions  of  pl6INK4a  (7).  Homozygous  deletions  of  pl5INK4b  have 
also  been  identified  in  a  more  limited  number  of  cancer  cell 
lines  (11),  and  point  mutations  of  pl8INK4c  have  been  associ¬ 
ated  with  some  breast  carcinomas  (12).  Homozygous  deletions 
of  the  pl8INK4c  are  also  observed  in  oligodendrogliomas  (13); 
however,  these  deletions  are  rare.  Polymorphisms  of  the 
pl9INK4d  gene  are  found  in  a  small  percentage  of  osteosarcomas 
(14).  Together,  the  data  on  tumor-derived  mutations  suggest 
tissue-specific,  and/or  non-redundant  activities  for  the  INK4 
proteins  (15). 

Significant  insights  into  the  mechanism  of  INK4-mediated 
inhibition  of  cyclin-CDK  complexes  and  the  deleterious  effects 
of  tumor-derived  mutations  on  their  kinase  inhibitory  proper¬ 
ties  come  from  structural  analyses  of  the  INK4  proteins.  The 
INK4  proteins  contain  four  or  five  ankyrin  repeat  motifs  that 
contain  a  /3-strand  helix-turn-helix  /3-strand  segment  that  as¬ 
sociates  with  neighboring  motifs  through  /3-sheet  and  helical 
bundle  interactions.  The  ankyrin  repeats  stack  on  top  of  each 
other  to  form  an  elongated  overall  structure  in  which  the  hel¬ 
ical  region  is  along  one  side  of  the  protein  and  the  /3-sheet 
region  is  along  the  opposite  side  (16, 17).  A  mapping  of  pl6INK4a 
tumor-derived  mutations  onto  the  INK4  protein  structures  re¬ 
veal  that  most  of  these  mutations  localize  to  residues  involved 
in  ankyrin  repeat  conformation  or  interrepeat  interactions  (17), 
suggesting  that  a  large  percentage  of  pl6INK4a  mutations  de¬ 
crease  the  stability  of  the  protein.  Indeed,  several  of  these 
mutations  lead  to  the  decreased  stability  of  pl6INK4a  and 
pl8INK4c  proteins  when  studied  in  vitro  (18-21).  Together, 
these  studies  suggest  that  the  decreased  thermostability  of 
pl6INK4a  correlate  with  its  loss  of  function  and  tumorigenic 
properties. 

The  structure  of  INK4  proteins  in  binary  complex  with  CDK6 
(22,  23)  and  in  ternary  complex  with  CDK6  and  a  D-type  viral 
cyclin  (24)  reveal  that  the  INK4  protein  binds  next  to  the  ATP 
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binding  site  of  the  CDK.  The  resulting  distortion  of  the  kinase 
catalytic  cleft  prevents  ATP  binding  and  thereby  inhibits  ca¬ 
talysis  (25).  While,  each  of  the  first  4  ankyrin-repeat  units  of 
the  INK4  proteins  participate  in  CDK4  interaction,  most  of  the 
interactions  are  mediated  by  the  2nd  and  3rd  ankyrin  repeat 
units.  In  addition,  comparison  of  the  INK4  structures  in  the 
presence  or  absence  of  CDK  reveals  that  the  INK4  protein  does 
not  undergo  significant  structural  rearrangement  for  CDK 
binding  with  an  overall  RMS  deviation  of  less  than  1.3  A. 

Based  on  the  structure-function  studies  described  above  for 
the  INK4  proteins,  we  hypothesized  that  we  may  be  able  to  use 
a  structure-based  approach  to  prepare  mutant  INK4  proteins 
with  increased  stability  and  increased  CDK4/6  and  cell  cycle 
inhibitory  activity.  The  preparation  of  INK4  proteins  with  in¬ 
creased  CDK4  inhibitory  properties  would  potentially  be  useful 
for  targeting  pl6INK4a-mediated  cancers  and  would  provide  a 
proof-of-principle  for  the  design  of  “biophysical  drugs”  (small 
molecule  compounds  that  may  reactivate  tumor  derived 
pl6INK4a  mutants  by  modifying  the  biophysical  properties  of 
the  protein  such  as  stability).  Indeed,  the  design  of  such  com¬ 
pounds  for  the  reactivation  of  tumor-derived  mutants  of  the 
p53  tumor  suppressor  has  already  been  described  (26). 

As  both  the  native  and  complexed  structures  of  pl8INK4c 
have  been  described  (17,  24),  we  used  pl8INK4c  as  the  INK4 
model  of  choice  to  carry  out  the  initial  structure-function  stud¬ 
ies.  Since  the  INK4  proteins  are  highly  homologous,  we  expect 
that  the  results  of  our  studies  with  pl8INK4c  would  be  trans¬ 
ferable  to  other  INK4  proteins  such  as  pl6INK4a.  In  this  report 
we  describe  the  preparation,  and  functional  and  structural 
characterization  of  single-site  mutant  pl8INK4c  proteins  that 
are  designed  for  increased  stability.  Through  this  study,  we 
have  identified  at  least  one  mutant,  the  F71N  pl8INK4c  mutant 
that  has  significantly  increased  stability  in  vitro  and  enhanced 
CDK4/6  and  cell  cycle  inhibitory  activity  in  vivo.  We  discuss  the 
implications  of  these  findings  for  improving  the  thermody¬ 
namic  stability  of  the  INK4  proteins  as  a  means  to  increase 
their  cell  cycle  inhibitory  activities,  and  for  the  development  of 
compounds  for  the  treatment  of  pl6INK4a-mediated  cancers. 

MATERIALS  AND  METHODS 

Cloning  and  Protein  Purification — Single  amino  acid  substitutions  in 
pl8INK4c  were  produced  using  the  QuickChange  mutagenesis  kit  (Strat- 
agene)  using  the  pRSETA-pl8INK4c  vector  (17)  as  a  template,  and  se¬ 
quence  changes  were  confirmed  by  DNA  sequencing.  Recombinant  na¬ 
tive  and  mutant  pl8INK4c  proteins  were  prepared  by  growing  and 
inducing  pRSETA-pl8INK4c  (native  or  mutant)  transformed  BL21  (DE3) 
cells  at  37  °C.  Cells  were  lysed  and  purified  in  a  low  salt  buffer  (LSB) 
containing  50  mM  Tris  (pH  8.5),  50  mM  NaCl,  5  mM  /3-mercaptoethanol, 
and  0.1  mg  ml-1  phenylmethylsulfonyl  fluoride.  Except  for  the  F71N 
pl8INK4c  mutant,  all  other  recombinant  proteins  (including  the  native 
protein)  were  isolated  by  renaturing  the  protein  found  in  the  inclusion 
bodies  with  6  M  urea  denaturation  and  renaturation  by  stepwise  dial¬ 
ysis  to  remove  urea.  The  soluble  fraction  from  renaturation  was  further 
purified  by  cation  exchange  with  a  Q-Sepharose  fast  flow  column  (Am- 
ersham  Biosciences)  and  gel  filtration  using  a  Superdex-75  column 
(Amersham  Biosciences)  (17).  The  F71N  plS1^40  mutant  was  the  only 
protein  that  was  found  exclusively  in  the  soluble  protein  fraction,  and 
the  supernatant  was  directly  purified  using  cation  exchange  and  gel 
filtration  chromatography  (17).  Protein  aliquots  were  flash-frozen  at 
—70  °C  and  thawed  as  needed  for  biophysical  studies  or  crystallization. 

Circular  Dichroism-monitored  Thermal  Denaturation — Circular  di- 
chroism  data  for  the  thermal  denaturation  studies  was  collected  on  an 
AVIV  circular  dichroism  spectrophotometer  (Model  62A-DS)  equipped 
with  a  thermoelectric  unit  and  using  a  1-mm  pathlength  cell.  Thermal 
protein  denaturation  was  monitored  at  222  nm  and  was  shown  to  be 
irreversible.  Data  was  collected  every  2  °C  with  an  equilibrium  time  of 
4  min  and  an  averaging  time  of  10  s.  Protein  samples  were  analyzed  at 
a  concentration  of  2  mg  ml-1  (~20  pM)  in  50  mM  HEPES  pH  7.5.  Protein 
concentrations  were  determined  using  UV  spectrophotometry.  How¬ 
ever,  concentration  of  the  W5R  mutant,  which  had  a  low  extinction 
coefficient,  was  determined  using  a  Bradford  assay  using  the  native 


protein  as  a  standard.  The  melting  temperature,  Tm  and  error  esti¬ 
mates  were  calculated  by  fitting  the  denaturation  data  (molar  elliptici- 
ties)  to  a  non-linear  dose-response  logistical  transition  {y  =  a0  +  aj/fl  + 
x/a2)a3)}  using  the  Levenberg-Marquardt  algorithm  within  the  Slide- 
Write  software  package,  where  the  a2  coefficient  is  Tm. 

Circular  Dichroism-monitored  Urea  Denaturation — Circular  dichro¬ 
ism  data  for  the  urea  denaturation  studies  was  collected  on  a  Jasco 
J-720  spectopolarimeter  at  25  °C.  The  CD  signal  at  222  nm  was  re¬ 
corded  using  a  100-/a1  cell  containing  a  0.2-mm  pathlength.  Protein 
samples  were  at  a  concentration  of  2  mg/ml  in  a  buffer  containing  20  mM 
HEPES,  100  mM  NaCl,  and  urea  concentrations  from  0-6  M  in  incre¬ 
ments  of  0.5  M.  Samples  were  equilibrated  for  4  h  (equilibration  was 
shown  to  be  complete  after  3  h,  data  not  shown)  prior  to  analysis  by  CD, 
and  all  samples  were  prepared  and  recorded  in  duplicate  yielding  an 
average  CD  value  that  was  used  for  all  subsequent  analysis.  The  frac¬ 
tion  of  unfolded  protein  (fu)  as  a  function  of  urea  concentration  was 
calculated  with  the  equation  fu  =  ([0222kbs  ~  [ #222! f)/( [0222k  “  ^222^f\ 
where  [#222!  obs  is  the  molar  helical  ellipticity  at  a  particular  urea  con¬ 
centration  and  [0222k  an(l  [0222k  are  the  helical  ellipticities  of  the  fully 
folded  protein  (in  the  absence  of  denaturant)  and  the  fully  unfolded 
protein  (in  the  presence  of  high  urea  concentrations),  respectively. 
[0222]f  an(l  [0222k  were  determined  at  the  base  lines  of  the  transition 
curves  at  which  [6322! obs  became  relatively  invariant  at  changing  urea 
concentrations.  The  free  energy  of  unfolding,  A GD,  for  each  of 
the  partially  unfolded  states  were  calculated  assuming  a  two  sate 
unfolding  transition  using  the  equation  AGD  =  -RT  lntKJ,  where 
K„  =  ([0222]obB  -  [0222]fV([0222lu  -  [@222]).  and  A GD  (H20)  and  m  (change 
in  free  energy  of  unfolding  with  urea  concentration)  was  calculated  by 
fitting  the  data  to  a  straight  line  with  the  equation  A GD  =  AGD(H20)  + 
m[urea]  (27). 

Crystallization  and  Structure  Determination  of  pl8INK4c  Mutants — 
Crystallization  of  the  F71N,  F82Q,  and  F92N  pl8INK4c  mutants  were 
carried  out  by  vapor  diffusion  at  room  temperature,  using  2-/xl  hanging 
drops  containing  5  mg  ml-1  protein,  20  mM  Tris  (pH  8.5),  0.5  mM 
dithiothreitol,  7%  PEG  6000  (polyethylene  glycol,  average  molecular 
mass  6000  Mr),  and  1  M  NaCl  equilibrated  over  a  reservoir  containing 
14%  PEG  6000  and  2  M  NaCl.  These  conditions  are  similar  to  those  used 
to  crystallize  the  native  protein.  Crystals  grew  to  a  typical  size  of 
100-200  pm  X  75-150  pm  X  50—100  pm  in  the  space  group  P21212, 
with  cell  dimensions  that  are  isomorphous  with  the  native  plS11^1^40 
crystals  (a  =  55.6  A,  b  =  151.6  A,  c  =  40.5  A  and  a  =  f3  =  y  =  90°). 
Crystals  were  transferred  to  a  harvest  solution  (HS)  containing  20  mM 
Tris  (pH  8.5),  15%  PEG  6000  and  2  M  NaCl,  transferred  stepwise  to  HS 
supplemented  with  25%  glycerol,  and  frozen  in  liquid  nitrogen-cooled 
liquid  propane  prior  to  data  collection. 

Diffraction  data  was  collected  at  110  K  using  a  Rigaku  Raxis  IV 
image  plate  detector  with  CuKu  radiation  from  a  Rigaku  RU-300  gen¬ 
erator,  and  the  data  was  processed  and  scaled  using  DENZO  and 
SCALEPACK  (28).  The  structural  coordinates  of  native  pl8INK4c  were 
used  as  a  starting  model  for  the  mutant  proteins.  The  position  and 
orientation  of  these  coordinates  was  initially  adjusted  using  rigid  body 
refinement  with  the  program  CNS  (29).  Model  building  was  carried 
out  using  the  program  O  (30)  using  omit  maps  and  sigma  A  weighted  2 
F0  —  Fc  and  F0  —  Fc  difference  Fourier  maps  created  with  the  program 
CNS  (29).  Iterative  rounds  of  model  building  followed  by  positional 
refinement,  simulated  annealing  (31),  and  torsion  angle  dynamic  (32) 
refinement  protocols  were  carried  out  at  successively  higher  resolution 
shells.  At  the  final  resolution  shell,  solvent  molecules  were  added,  and 
the  final  model  was  checked  for  errors  with  simulated  annealing  omit 
maps,  omitting  10  residues  at  a  time  (33).  The  resulting  protein  struc¬ 
tures  have  excellent  refinement  statistics  and  geometry  (Table  IV). 

In  Vivo  pl8INK4c  Stability  and  CDK6  Association — DNA  encoding 
wild-type  and  mutant  plS11*164®  proteins  were  subcloned  into  the 
pCDNA3.1  vector  creating  a  set  of  pCDNA-  pl8INK4c  vectors  (T85F  was 
not  tested  due  to  complications  in  the  subcloning).  The  cell  culture 
conditions  of  the  U20S  cells  were  essentially  as  described  (34).  A  total 
of  1  X  106  U20S  cells  were  transfected  using  Superfect  reagent  (Qiagen 
Inc.,  Valencia,  CA)  with  0.5  pg  of  green  fluorescent  protein  reporter  and 
1.5  pg  of  pCDNA-plS1^40  (native  or  mutant),  pCDNA-p21,  or  vector 
alone.  After  24  h  post-transfection,  the  cells  were  lysed,  and  the  pro¬ 
teins  were  separated  on  a  15%  SDS-PAGE.  The  proteins  were  blotted 
onto  nitrocellulose  filter  paper  and  probed  with  anti-plS11^1*140  antiserum 
(Oncogene  Research),  followed  by  horseradish-conjugated  anti-rabbit 
IgG  antibody.  The  reacting  pl8INK4c  bands  were  detected  using  en¬ 
hanced  chemiluminescence  reagent  for  direct  comparison  of  the  in  vivo 
stability  of  wild-type  and  mutant  pl8INK4c  proteins. 

The  relative  amount  of  wild-type  and  mutant  pl8INK4c  protein  that  is 
associated  with  CDK4/6  in  vivo  was  determined  using  CDK6  co-immu- 
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Table  I 

Properties  of  p!8INK4c  residues  targeted  for  mutagenesis 


Residue 

Rationale  for  mutation 

Mutation 

Predicted  change  in 
thermostability 

Interaction  with  residues 
in  CDK6° 

Conservation  among 

INK4  proteins 

Trp-5 

Exposed  hydrophobic 

Arg 

Increase 

No 

No 

Phe-37 

Exposed  hydrophobic 

His 

Increase 

Yes,  non-polar  side  chain 
contacts 

Yes 

Arg-55 

Buried  hydrophilic 

Val 

Increase 

No 

No 

Phe-71 

Exposed  hydrophobic,  possible 
inter-repeat  contacts 

Asn 

Increase 

Yes,  non-polar  side  chain 
contacts 

No 

His-75 

Buried  polar 

Phe 

Decrease 

No 

Yes 

Phe-82 

Exposed  hydrophobic,  possible 
inter-repeat  contacts 

Gin 

Increase 

Yes,  non-polar  side  chain 
contacts 

Yes 

Thr-85 

Buried  polar 

Phe 

Decrease 

No 

Yes 

Phe-92 

Exposed  hydrophobic,  possible 
inter-repeat  contacts 

Asn 

Increase 

No 

No 

His-108 

Buried  polar 

Leu 

Decrease 

No 

Yes 

Based  on  pl8INK4‘:  interactions  with  CDK6  as  reported  in  the  ternary  complex  with  viral  cyclin  (24). 


noprecipitation  experiments.  The  pl8INK4c-transfected  U20S  cells  were 
lysed  and  endogenous  CDK6  was  immunoprecipitated  with  CDK6  an¬ 
tiserum  (BD  PharMingen).  These  immunoprecipitates  were  analyzed 
on  15%  SDS-PAGE,  and  the  gels  were  blotted  and  probed  with  anti- 
pl8INK4c  antiserum,  followed  by  horseradish-conjugated  anti-rabbit  IgG 
antibody.  The  cell  lysis  was  carried  out  in  the  presence  of  two  different 
salt  concentrations  (150  mM  and  250  mM)  prior  to  immunoprecipitation 
to  optimize  the  discrimination  between  the  differing  binding  affinities 
of  the  pl8INK4c  mutants  for  CDK6. 

In  Vivo  Cell  Cycle  Inhibition  Assay — For  cell  cycle  analysis, 
pl8INK4c-transfected  cells  were  prepared  in  1%  fetal  bovine  serum/ 
phosphate-buffered  saline  for  fluorescence-activated  cell  sorting 
(FACS)  analysis  after  24  h.  Preparation  of  cells  for  fluorescence- 
activated  cell  sorting  was  performed  essentially  as  described  (35). 
Cell  sorting  was  performed  on  a  Coulter  Epics  Elite  counter.  DNA 
content  analysis  was  performed  using  MacCycle  software  (Phoenix 
Flow  Systems,  San  Diego,  CA). 

RESULTS  AND  DISCUSSION 

Design  of  pl8INK4c  Mutant  Proteins — The  high-resolution 
crystal  structure  of  pl8INK4c,  was  used  to  identify  candidate 
residues  for  mutation.  The  strategy  for  the  mutagenesis  was  to 
increase  the  hydrophobicity  of  the  protein  interior  or  to  in¬ 
crease  the  hydrophilicity  of  the  protein  exterior.  Accordingly, 
buried  hydrophilic  residues  were  changed  to  hydrophobic  res¬ 
idues  or  exposed  hydrophobic  residues  were  changed  to  hydro¬ 
philic  residues.  In  mutating  hydrophobic  residues  to  hydro¬ 
philic  residues,  mutations  were  selected  to  facilitate 
interactions  with  residues  in  neighboring  repeats.  Moreover, 
buried  hydrophilic  residues  were  mutated  to  hydrophobic  res¬ 
idues  of  similar  size  that  were  predicted  to  facilitate  favorable 
interactions  with  other  hydrophobic  residues  in  its  vicinity. 
With  the  aid  of  the  program  O  (36),  we  modeled  several  muta¬ 
tions  choosing  the  ones  that  best  fit  the  criteria  described 
above.  The  nine  mutations  that  were  made,  along  with  their 
corresponding  degree  of  conservation  and  structural  proper¬ 
ties,  are  listed  in  Table  I  and  illustrated  on  a  schematic  of  the 
overall  pl8INK4c  structure  in  Fig.  1.  5  of  the  9  mutations  se¬ 
lected  are  conserved  among  the  INK4  proteins  (Phe-37,  His-75, 
Phe-82,  Thr-85,  and  His-108).  Six  of  the  mutations  were  de¬ 
signed  to  increase  the  thermodynamic  stability  of  pl8INK4c,  and 
a  subset  of  these  residues  are  also  predicted  to  be  at  the 
INK4-CDK  interface  based  on  the  INK4  co-crystal  structures 
(Phe-37  (F37H),  Phe-71  (F71N),  and  Phe-82  (F82Q»  (22-24). 
Therefore,  while  one  set  of  mutations  are  predicted  to  have 
effects  only  on  the  thermodynamic  stability  of  pl8INK4c,  an¬ 
other  subset  are  predicted  to  have  effects  on  both  the  thermo¬ 
dynamic  stability  of  pl8INK4c  and  interaction  with  CDK.  As 
negative  controls,  3  of  9  mutations  were  also  prepared  that 
were  predicted  to  decrease  the  thermodynamic  stability  of 
pl8INK4c,  these  include  His-75  (H75F),  His-108  (H108L),  and 
Thr-85  (T85F). 


Fig.  1.  Residues  of  pl8INK4°  targeted  for  mutations.  The  ankyrin 
repeat  elements  are  shown  in  alternating  red  and  orange,  and  the 
residues  targeted  for  mutations  are  shown  in  red. 

Characterization  of  the  pl8INK4c  Mutant  Protein  during  Pu¬ 
rification  and  Crystallization — When  expressed  in  bacteria, 
some  mutants  behave  significantly  differently  than  the  native 
protein.  These  mutants  include  F71N,  F82Q,  and  F92N.  Bac¬ 
terial  growths  prepared  at  37  °C  revealed  that  these  mutants 
are  found  in  the  soluble  fraction  of  the  bacterial  lysate  whereas 
the  native  protein  is  found  exclusively  in  the  insoluble  fraction 
when  the  bacteria  are  grown  at  37  °C.  Surprisingly,  F71N  is 
found  exclusively  in  the  soluble  fraction,  while  about  25%  of 
F82Q  and  F92N  are  found  in  the  soluble  fraction  (Table  II). 
Each  of  the  proteins  were  purified  essentially  as  described  for 
the  native  protein  and  eluted  from  gel  filtration  in  monomeric 
form.  Following  protein  purification,  all  three  of  these  proteins 
crystallize  at  room  temperature  (at  20  °C),  while  the  native 
protein  precipitates  when  crystal  trials  are  carried  out  at  the 
same  temperature.  Despite  the  different  crystal  growth  tem¬ 
perature,  crystals  of  the  three  mutant  proteins  are  isomor- 
phous  with  crystals  of  the  native  protein  that  are  obtained  from 
the  same  crystallization  condition,  but  at  4  °C  (Table  II  and 
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Table  II 

Biochemical  characterization  of  p!8INK4c  mutants 


Construct 

Solubility  of  protein  Ability  to 
from  bacterial  renature 

Oligomerization 

state0 

Crystallization^ 

lysates® 

protein 

Native 

Insoluble 

Yes 

Monomer 

Yes  at  4  °C 

W5R 

Insoluble 

Yes 

Monomer 

N.D.e 

F37H 

Insoluble 

Yes 

Monomer 

N.D. 

R55V 

Insoluble 

Yes 

Monomer 

N.D. 

F71N 

100%  soluble 

NTf 

Monomer 

Yes  at  20  °C 

H75F 

Insoluble 

Yes 

Aggregated 

N.D. 

F82Q 

—25%  soluble 

Yes 

Monomer 

Yes  at  20  °C 

T85F 

Insoluble 

Yes 

Mixture  of 
aggregates  and 

N.D. 

monomer 

F92N 

—25%  soluble 

Yes 

Monomer 

Yes  at  20  °C 

H108L 

Insoluble 

Yes 

Mixture  of 
aggregates  and 

N.D. 

monomer 

“  The  solubility  of  the  protein  refers  to  the  presence  of  the  protein  in 
either  the  soluble  or  insoluble  fractions  of  the  bacterial  lysate  when  the 
protein  is  overexpressed  at  37  °C. 

b  The  ability  to  renature  the  protein  refers  to  whether  the  protein  can 
be  isolated  in  the  soluble  fraction  after  denaturation  by  6  M  urea 
followed  by  stepwise  dialysis  to  remove  urea. 

c  Molecular  size  is  judged  by  size  exclusion  chromatography  of  the 
renatured  protein. 

d  Crystallization  was  only  carried  out  with  a  few  mutants;  the  crys¬ 
tals  so  obtained  were  isomorphous  to  the  crystals  of  the  native  protein. 

e  Not  determined. 

'  Not  tested. 

Table  III).  The  increased  solubility  properties  of  the  F71N, 
F82Q,  and  F92N  mutant  proteins  suggested  that  they  might 
also  be  more  thermostable  than  the  native  protein. 

Native  pl8INK4c  and  each  of  the  other  mutant  proteins  were 
found  exclusively  in  the  insoluble  protein  fraction  from  a  bac¬ 
terial  preparation  that  was  grown  at  37  °C.  Upon  renaturation 
and  subsequent  purification,  most  of  these  proteins  eluted  as 
monomers  from  gel  filtration  chromatography.  However,  the 
T85F  and  H108L  mutants  yielded  mixtures  of  aggregates  and 
monomeric  protein,  while  the  H75F  mutant  protein  yielded 
aggregated  protein  exclusively.  Taken  together,  these  results 
suggested  that  the  three  mutants,  H75F,  T85F,  and  H108L 
might  be  thermodynamically  less  stable  than  the  native 
protein. 

Thermodynamic  Stability  of  pl8INK4c  Protein  Mutants  in 
Vitro — CD-monitored  thermal  denaturation  was  used  to  qual¬ 
itatively  characterize  and  compare  the  thermodynamic  stabil¬ 
ities  of  pl8INK4c  and  its  mutant  proteins.  Since  the  pl8INK4c 
protein  has  substantial  helical  content,  the  CD  signal  at  a 
wavelength  of  222  nm,  which  is  sensitive  to  helix  formation, 
could  be  monitored  as  a  function  of  solution  temperature  to 
develop  a  melting  isotherm  for  each  protein.  The  melting  pro¬ 
files  for  the  native  and  mutant  pl8INK4c  proteins  are  compared 
in  Fig.  2a,  and  the  respective  melting  temperatures  that  are 
derived  from  these  profiles  are  tabulated  in  Table  III.  These 
data  reveal  that  of  the  8  mutant  pl8INK4c  proteins  that  could  be 
purified  to  homogeneity,  3  were  clearly  more  stable  to  thermal 
denaturation  than  the  native  protein  while  3  were  clearly  less 
thermostable;  while  two  proteins,  F37H  and  R55V,  exhibited 
comparable  thermostability  as  the  native  protein.  The  pl8INK4c 
mutants  that  were  most  stable  to  thermal  denaturation  in¬ 
cluded  F71N,  F92N,  and  F82Q;  and  the  melting  temperature  of 
these  mutants  are  ~4  °C  higher  than  the  native  protein  (p 
value  <  0.001).  The  less  stable  class  of  mutants  contains  three 
mutants,  W5R,  T85F,  and  H108L  with  melting  temperatures 
from  4  to  17  °C  less  than  the  native  protein  (p  value  <  0.001). 
The  H75F  mutant  may  belong  in  the  less  stable  category  of 
pl8INK4c  mutants;  however,  it  was  too  unstable  to  be  purified 
for  further  characterization  (Table  II  and  Table  III). 


Table  III 

Thermodynamic  parameters  of  p!8INK4c  and  mutants 


Protein 

Tm“ 

uj1 

AGg20' 

m 

°C 

M 

kcal  mol~ 1 

kcal  mol~ 1  m~2 

F71N 

45.96  ±  0.03 

2.98  ±  0.07 

3.41 

1.17 

F92N 

45.81  ±  0.22 

2.36  ±  0.04 

1.62 

0.71 

F82Q 

45.31  ±  0.14 

2.43  ±  0.02 

2.24 

0.90 

F37H 

42.28  ±  0.11 

2.66  ±  0.05 

1.46 

0.72 

R55V 

42.15  ±  0.01 

2.76  ±  0.02 

2.38 

0.84 

Native 

41.53  ±  0.56 

2.74  ±  0.05 

2.70 

1.00 

pl8INK4c 

W5R 

37.86  ±  0.05 

N.D. 

N.D. 

N.D.d 

T85F 

33.93  ±  0.08 

N.D. 

N.D. 

N.D. 

H108L 

H75F 

24.55  ±  0.23 

N.D. 

N.D. 

N.D. 

“  Midpoint  of  thermal  unfolding  transition. 
b  Midpoint  of  urea  unfolding  transition. 

c  Free  energy  of  unfolding  at  23  °C  (296  K)  with  estimated  error  as 
calculated  from  the  urea  unfolding  data  and  extrapolated  to  zero  urea 
concentration. 
d  Not  determined. 

a 


Fig.  2.  Denaturation  profiles  of  native  and  mutant  pl8INK4c 
proteins,  a ,  thermal  denaturation  of  native  and  mutant  pis111*4®  pro¬ 
teins.  The  mean  at  each  temperature  of  duplicate  experiments  are 
shown  here.  The  S.D.  of  the  data  was  very  small  due  to  the  reproduc¬ 
ibility  of  the  data;  therefore,  error  bars  are  not  shown.  The  mutants  are 
color-coded  below  the  figure,  b,  urea-induced  denaturation  of  native  and 
mutant  pl8INK4c  proteins.  The  mean  at  each  urea  concentration  of 
duplicate  experiments  are  shown  here.  The  color-coding  of  mutants  is 
the  same  as  in  a. 

To  more  quantitatively  assess  the  thermodynamic  stability 
of  pl8INK4c  and  the  mutants  that  showed  increased  thermal 
stability,  these  proteins  were  analyzed  with  CD  spectroscopy 
using  chemical  denaturation  with  urea.  The  urea-induced  un¬ 
folding  profiles  for  the  native  and  mutant  pl8INK4c  proteins  are 
compared  in  Fig.  2b,  and  the  respective  urea  concentrations 
required  to  unfold  50%  of  the  respective  protein  are  tabulated 
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Table  IV 

Summary  of  crystallographic  data  and  refinement  parameters 


F71N 

F82Q 

F92N 

Data  statistics 

Resolution  range 

50.0-2.25 

50.0-2.0 

50-2.0 

Unique  reflections 

22,638 

22,818 

22,869 

(%) 

8.5 

3.9 

6.2 

I/.T 

15.19 

23.87 

10.10 

Completeness  (%) 

92.7 

97.7 

96.6 

Refinement  statistics 

Protein  atoms 

2376 

2404 

2376 

Water  atoms 

192 

179 

174 

R  factors 

25.4 

26.0 

26.3 

D 

J  ^  working 

21.4 

23.1 

23.7 

Model  statistics 

Root  mean  square  values 
Bond  length 

0.004 

0.005 

0.006 

Bond  angles 

1.19 

1.24 

1.34 

NCS  molecules 

0.819 

0.756 

0.745 

Average  B  factors 

19.51 

25.69 

26.61 

in  Table  III.  In  addition,  the  urea  unfolding  data  was  used  to 
calculate  the  free  energy  of  unfolding  [AG(H20)]  and  m  (Table 
III).  Correlating  with  the  thermal  denaturation  studies,  the 
most  thermostable  pl8INK4c  mutant,  F71N,  was  also  the  most 
stable  to  chemical  denaturation.  Specifically,  this  mutant  was 
about  0.71  kcal/mol  more  stable  than  the  native  protein.  Inter¬ 
estingly,  the  other  pl8INK4c  mutants  that  showed  increased 
stability  toward  thermal  denaturation  did  not  exhibit  in¬ 
creased  stability  toward  chemical  denaturation  (Table  III).  A 
correlation  of  these  results  with  the  aggregation  properties  of 
the  recombinant  pl8INK4c  mutants  prepared  and  purified  from 
bacteria  (Table  II)  suggests  that  the  increased  thermal  stability 
of  the  F82Q  and  F92N  pl8INK4c  mutants  might  be  due  to  their 
lower  propensities  to  aggregate  relative  to  the  native  protein. 
This  would  be  consistent  with  their  higher  Tm  (which  would  be 
affected  by  protein  aggregation)  without  a  corresponding  in¬ 
crease  in  stability  due  to  urea  denaturation  (which  should  be 
independent  of  protein  aggregation). 

Structural  Characterization  of  the  pl8INK4c  Mutant  Proteins, 
F71N,  F82Q,  and  F92N — To  determine  the  structural  basis  for 
the  enhanced  stability  properties  of  the  three  pl8INK4c  mu¬ 
tants;  F71N,  F82Q,  and  F92N,  we  determined  their  high  reso¬ 
lution  crystal  structures. 

F71N — The  structure  of  the  F71N  pl8INK4c  mutant  was  de¬ 
termined  to  a  resolution  of  2.25  A  (Table  IV).  Position  71  in 
pl8INK4c  is  located  in  the  /34  strand  and  at  the  beginning  of 
ankyrin  repeat  3.  The  structure  shows  that  asparagine  71 
directly  hydrogen  bonds  with  arginine  79  in  the  a5  helix  in  the 
middle  of  the  ankyrin  repeat  and  also  makes  a  water-mediated 
hydrogen  bond  with  Asp-100  in  the  J35  strand  at  the  end  of  the 
ankyrin  repeat  (Fig.  3,  a  and  b).  Taken  together,  the  F71N 
pl8INK4c  mutation  allows  new  intra-ankyrin  repeat  interac¬ 
tions  that  stabilize  the  tight  turns  in  the  structure  resulting  in 
the  increased  stability  of  the  mutant  protein. 

The  structure  of  the  pl8INK4c/CDK-cyclin  complex  reveals 
that  although  phenylalanine  71  does  not  interact  with  CDK,  it 
is  nonetheless  at  the  binding  interface.  Therefore,  it  is  possible 
that  an  asparagine  substitution  at  this  position  would  also 
introduce  favorable  pl8INK4c-CDK  contacts.  Modeling  studies 
suggests  that  an  asparagine  at  position  71  would  be  in  position 
to  interact  with  a  backbone  NH  of  CDK  (glycine  36  of  CDK6). 
Interestingly,  other  INK4  proteins  have  a  threonine  in  the 
corresponding  position,  which  also  does  not  participate  in  CDK 
interaction  in  the  pl6INK4a  and  pl9INK4d  complexes  with  CDK 
(22,  23).  Taken  together,  it  is  therefore  likely  that  an  aspara- 


a  b 


Fig.  3.  Structure  of  the  F71N,  F82Q,  and  F92N  pl8'NK4‘  mu- 
tants  in  comparison  to  the  native  structure  of  pl8INK4c  protein. 

a,  superposition  of  the  mutant,  F71N  (in  green)  and  the  native  protein 
(in  gray)  along  with  the  simulated  annealing  omit  map  around  the  site 
of  mutation  contoured  at  1.5o\  The  yellow  sphere  represents  a  water 
molecule,  b,  detailed  interactions  made  in  the  F71N  plS11*1^  mutant 
are  shown  in  green  with  CPK  coloring,  while  the  structure  of  the  native 
protein,  which  lacks  these  new  interactions  are  shown  in  gray.  The 
mutation  results  in  a  new  hydrogen-bonding  interaction  with  arginine 
79,  and  a  water  (shown  in  yellow )-mediated  hydrogen  bond  with  aspar¬ 
tate  100.  Glycines  are  shown  as  green  or  gray  spheres,  c,  same  as  a 
except  that  the  F82Q  mutant  is  shown,  d,  detailed  interactions  made  in 
the  F82Q  pl8INK4c  mutant  are  shown  in  green  with  CPK  coloring,  while 
the  structure  of  the  native  protein,  which  lacks  these,  new  interactions 
are  shown  in  gray.  The  mutation  results  in  new  hydrogen  bonding 
interaction  with  the  backbone  NH  of  glycine  48  and  a  water  (shown  in 
ye/Zow; )-mediated  hydrogen  bond  with  arginine  117.  Glycines  are  shown 
as  green  or  gray  spheres,  e,  same  as  a  except  that  the  F92N  mutant  is 
shown,  f,  detailed  interactions  made  in  the  F92N  pl8INK4c  mutant  are 
shown  in  green  with  CPK  coloring,  while  the  structure  of  the  native 
protein,  which  lacks  these,  new  interactions  are  shown  in  gray.  The 
mutation  results  in  a  new  water-mediated  hydrogen  bond  with  arginine 
54.  Glycines  are  shown  as  green  or  gray  spheres.  Molscript  objects  for 
the  electron  density  was  created  using  CONSCRIPT,  and  the  figures 
were  prepared  with  the  programs  MOLSCRIPT  (37)  and  RASTER3D 
(38). 

gine  substitution  in  other  INK4  proteins  would  increase  their 
thermodynamic  stabilities  and  possibly  also  their  CDK  inter¬ 
action  and  cell  cycle  inhibitory  activities. 

F82Q — The  crystal  structure  of  the  F82Q  mutant  was  deter¬ 
mined  to  2.0  A  resolution  (Table  IV).  In  the  native  protein, 
phenyalanine  82  is  located  in  the  turn  between  the  «5  and  a6 
helices  of  ankyrin  repeat  3.  The  structure  of  the  glutamine 
mutant  reveals  that  the  glutamine  at  position  82  hydrogen 
bonds  to  the  backbone  nitrogen  of  glycine  48  on  the  turn  be¬ 
tween  the  aS  and  a4  helices  of  ankyrin  repeat  2.  The  glutamine 
mutant  also  makes  a  water-mediated  hydrogen  bond  to  argi¬ 
nine  117  in  helix  «8  in  ankyrin  repeat  4  (Fig.  3,  c  and  d). 
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Therefore,  the  glutamine  mutation  in  position  82  of  pl8INK4c 
appears  to  increase  the  thermal  stability  of  the  pl8INK4c  pro¬ 
tein  by  increasing  inter-ankyrin  repeat  interaction. 

The  structure  of  the  INK4/CDK  complexes  reveals  that  phe¬ 
nylalanine  82  makes  a  van  der  Waals  contact  with  the  CDK. 
Indeed,  the  fact  that  this  residue  is  strictly  conserved  within 
the  INK4  family  supports  its  functional  importance.  Possibly, 
the  aliphatic  region  of  the  glutamine  may  mimic  the  van  der 
Waals  interaction  that  is  mediated  by  the  native  phenyalanine 
residue.  In  addition,  modeling  studies  suggests  that  glutamine 
82  is  in  position  to  make  a  backbone  NH  hydrogen  bond  with 
the  CDK  (Ser-155  of  CDK6). 

F92N — The  structure  of  the  F92N  mutant  was  determined  to 
2.0  A  resolution  (Table  IV).  Position  92  is  located  on  the  loop 
following  the  a6  helix  of  the  third  ankyrin  repeat.  Glutamine 
92  participates  in  a  water-mediated  hydrogen  bond  with  argi¬ 
nine  54  that  is  located  on  the  a4  helix  on  the  second  ankyrin 
repeat  (Fig.  3,  e  and  f).  In  addition,  this  new  interaction  might 
stabilize  the  turn  from  a-helix  6  to  the  adjacent  loop.  Therefore, 
the  mutation  F92N  appears  to  facilitate  new  inter-ankyrin 
repeat  interactions  that  stabilize  a  tight  turn  in  the  structure 
resulting  in  the  increased  thermal  stability  of  the  mutant. 
Interestingly,  unlike  the  F71N  and  F82Q  pl8INK4c  mutants 
that  were  in  position  to  mediate  interactions  with  CDK,  the 
F92N  mutation  is  unlikely  to  effect  interaction  with  CDK  since 
it  is  located  too  far  from  the  binding  interface. 

In  Vivo  Characterization  of  pl8INK4c  Protein  Mutants — To 
determine  if  the  increased  in  vitro  stability  of  the  pl8INK4c 
mutants  is  correlated  with  increased  stability  and  CDK6  bind¬ 
ing  activity  in  vivo ,  we  transfected  plasmids  encoding  each  of 
the  mutants  into  U20S  cells  for  functionally  characterization. 
Twenty  four  hours  post-transfection,  the  in  vivo  stability  of  the 
wild-type  and  mutant  pl8INK4c  proteins  was  assayed  using 
Western  blots  to  pl8INK4c  and  the  relative  association  of  these 
proteins  with  CDK6  was  assayed  using  co-immunoprecipita- 
tion  with  CDK6,  followed  by  Western  analysis  for  pl8INK4c 
(Fig.  4a).  As  predicted,  this  analysis  shows  that  the  three- 
pl8INK4c  mutants  that  are  most  thermostable  in  vitro  (F71N, 
F82Q,  and  F92N)  are  also  more  stable  and  more  tightly  asso¬ 
ciated  to  CDK6  in  vivo.  Moreover,  one  of  the  least  stable 
pl8INK4c  mutants,  H108L,  had  significantly  decreased  in  vivo 
stability  and  CDK6  association. 

Interestingly,  one  of  the  pl8INK4c  mutants  that  we  were 
unable  to  purify  in  recombinant  form  due  to  protein  instability, 
H75F,  was  relatively  stable  in  vivo  and  also  associated  rela¬ 
tively  strongly  with  CDK6.  It  is  possible  that  this  mutant, 
although  unstable  in  nascent  form,  may  form  an  unusually 
stable  complex  with  CDK6,  which  would  explain  its  increased 
in  vivo  stability.  Moreover,  the  structure  of  the  CDK6/INK4 
complexes  (22-24)  shows  that  although  the  position  that  cor¬ 
responds  to  histidine  75  of  pl8INK4c  does  not  directly  partici¬ 
pate  in  CDK  interaction,  it  is  in  position  to  do  so  if  minor  side 
chain  rearrangements  of  either  the  INK4  of  CDK  proteins  were 
to  take  place.  Therefore,  it  is  possible  that  a  histidine  to  phe¬ 
nylalanine  substitution  in  pl8INK4c  would  introduce  a  new  (and 
particularly  stable)  interaction  between  pl8INK4c  and  the  CDK. 
Further  analysis  will  be  required  to  understand  the  behavior  of 
the  H75F  pl8INK4c  mutant.  Nevertheless,  the  results  of  the  in 
vivo  experiments  described  above  generally  correlate  with  the 
relative  thermostability  of  the  pl8INK4c  mutants  when  assayed 
in  vitro. 

To  directly  determine  whether  the  more  stable  pl8INK4c  mu¬ 
tants  were  indeed  more  potent  cell  cycle  inhibitors,  we  sub¬ 
jected  the  wild-type  and  mutant  pl8INK4c-transfected  cells  to 
FACS  analysis.  As  expected  from  the  stability  studies,  each  of 
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Fig.  4.  In  vivo  activity  of  pl8INK4°  and  mutants,  a,  U20S  cells 
that  are  transiently  transfected  with  either  wild-type  or  mutant 
pl8INK4c  are  assayed  for  relative  pl8INK4c  levels  using  Western  analysis 
with  anti-pl8INK4c  antiserum.  These  cells  are  also  used  to  compare  the 
relative  amount  of  pl8INK4c  and  mutants  that  are  associated  with 
CDK4/6  in  vivo  using  co-immunoprecipitation  experiments  with  anti- 
CDK6  followed  by  a  buffer  washing  and  analysis  with  anti-pl8INK4c 
antiserum.  Two  experiments  are  shown,  one  with  buffer  washing  con¬ 
taining  150  mM  NaCI  and  another  at  a  more  stringent  buffer  washing  of 
250  mM  NaCI.  6,  comparison  of  pl8INK4c  with  the  mutants  showing  the 
percent  of  U20S  cells  in  S-phase  after  24  h  of  transient  transfections 
(along  with  95%  confidence  intervals).  The  vector  pcDNA  and  CDK 
inhibitor,  p21  are  shown  as  negative  and  positive  controls  respectively. 
The  native  pl8INK4c  is  shaded  in  gray  while  the  mutants  are  arranged 
in  the  order  of  their  position  in  the  pl8INK4<:  protein  sequence.  The 
transfection  experiments  were  performed  four  times,  and  in  each  ex¬ 
periment  native  or  mutant  expression  vectors  was  transfected  in  trip¬ 
licate  flasks.  For  each  cell  cycle  analysis  from  each  individual  transfec¬ 
tion,  10,000—20,000  GFP-positive  cells  were  analyzed.  The  data 
presented  represents  the  aggregate  analysis  using  all  experiments  per¬ 
formed,  including  the  confidence  intervals  (calculated  from  S.D.  esti¬ 
mates)  of  the  mean. 


three  most  thermostable  pl8INK4c  mutants  (F71N,  F82Q,  and 
F92N)  were  also  more  potent  cell  cycle  inhibitors  when  assayed 
in  vivo  (Fig.  46).  The  F71N  mutant,  that  showed  the  greatest 
thermal  and  chemical  stability  (both  in  vitro  and  in  vivo),  also 
showed  the  most  potent  cell  cycle  inhibitory  activity,  showing  a 
direct  correlation  between  stability  and  cell  cycle  inhibitory 
activity  by  this  pl8INK4c  mutant. 

Interestingly,  the  thermostability  and  cell  cycle  inhibitory 
activity  of  some  of  the  other  pl8INK4c  mutants  did  not  strictly 
correlate.  For  example,  both  the  F37H  and  R55V  pl8INK4c 
mutants  showed  thermodynamic  properties  similar  to  the  na¬ 
tive  protein  (Fig.  2  and  Table  III).  However,  the  in  vivo  cell 
cycle  inhibition  assay  shows  that  while  the  F37H  pl8INK4c 
mutant  is  a  slightly  weaker  cell  cycle  inhibitor  than  the  native 
protein,  the  R55V  mutant  is  a  significantly  more  potent  cell 
cycle  inhibitor  (Fig.  46).  Results  such  as  these  are  not  that 
surprising  since  several  factors  that  can  play  a  role  in  the  in 
vivo  cell  cycle  activity  of  the  p!8INK4c  mutant  proteins  are  not 
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accounted  for,  including  their  relative  affinities  for  CDK6  and 
any  indirect  effects  that  these  mutants  may  have  on  cell  cycle 
inhibition.  Nonetheless,  these  results  show  that  the  stability  of 
pl8INK4c  can  be  exploited  to  create  more  potent  cell  cycle  in¬ 
hibitory  proteins,  and  that  a  structure-based  approach  can  be 
used  to  facilitate  this  process. 

Implications  for  Rescuing  Tumor-derived  INK4  Muta¬ 
tions — We  have  used  a  structure-based  approach  to  success¬ 
fully  prepare  pl8INK4c  proteins  containing  single  site  muta¬ 
tions  that  are  more  stable  in  vitro,  and  that  are  more  potent  cell 
cycle  inhibitors  in  vivo  than  the  native  protein.  Of  the  single¬ 
site  pl8INK4c  mutant  proteins  that  we  prepared,  of  particular 
interest  is  the  F71N  mutation.  This  protein  was  thermodynam¬ 
ically  more  stable  to  thermal  and  chemical  denaturation  in 
vitro  and  the  most  potent  cell  cycle  inhibitor  in  vivo.  Since  an 
asparagine  substitution  was  chosen  arbitrarily  (within  the  con¬ 
straints  of  a  charged  residue)  there  is  a  possibility  that  muta¬ 
tion  to  another  residue  may  create  an  even  more  thermody¬ 
namically  stable  and  potent  pl8INK4c  cell  cycle  inhibitor.  For 
example,  the  F71N  structure  shows  that  the  asparagine  resi¬ 
due  from  ankyrin  repeat  3  forms  a  direct  hydrogen  bound  with 
arginine  79  within  the  same  ankyrin  repeat  and  makes  an 
additional  water-mediated  hydrogen  bond  with  aspartic  acid 
100  at  the  beginning  of  the  4th  ankyrin  repeat  (Fig.  3,  a  and  b). 
This  latter  interaction  may  be  more  important  for  protein  sta¬ 
bility  since  it  increases  the  interaction  between  neighboring 
ankyrin  repeats.  In  light  of  this,  a  glutamine  substitution  may 
work  better  than  an  asparagine  substitution  toward  increasing 
the  proteins  thermostability.  Modeling  of  a  glutamine  suggests 
that  it  would  still  be  able  to  mediate  the  arginine  79  interac¬ 
tions  and  in  addition  would  be  long  enough  to  make  a  direct 
interaction  with  aspartic  acid  100,  rather  than  the  water-me¬ 
diated  interaction  that  is  made  with  the  asparagine  substitu¬ 
tion.  Using  a  similar  structure  based  strategy;  we  would  pre¬ 
dict  that  a  glutamine  substitution  at  position  92  would  also 
increase  the  thermal  stability  of  pl8INK4c  even  more  than  the 
asparagine  mutation  introduced  in  the  F92N  mutant.  In  addi¬ 
tion,  although  we  do  not  yet  have  structures  for  the  pl8INK4c 
mutants  R55V  and  F37H,  the  relatively  modest  increase  in 
thermal  stability  of  these  mutants  relative  to  the  wild  type 
protein  suggests  that  other  mutations  may  have  more  pro¬ 
nounced  enhancements  in  protein  stability.  Taken  together, 
the  studies  presented  here  provide  an  excellent  starting  point 
for  the  use  of  site-directed  mutagenesis,  including  combining 
favorable  mutations,  for  the  design  of  more  thermostable  and 
active  pl8INK4c  proteins  that  can  be  further  refined  with  addi¬ 
tional  structure-based  mutagenesis. 

We  would  expect  that  at  least  some  of  the  results  obtained  in 
this  study  can  be  extended  to  the  homologous  pl6INK4a  protein, 
and  that  introduction  of  similar  mutations  into  pl6INK4a  would 
result  in  a  more  potent  cell  cycle  inhibitor  and  tumor  suppres¬ 
sor.  Such  “enhanced”  pl6INK4a  proteins  may  be  ideal  candi¬ 
dates  for  a  gene  therapy  approach  to  help  treat  pl6INK4a  -me¬ 
diated  cancers.  Moreover,  the  studies  presented  here  provide  a 
proof  of  principle  that  small  molecule  compounds  may  be  pre¬ 
pared  that  can  mimic  the  effect  of  some  of  the  mutations 


described  here  and  may  function  to  reactivate  tumor-derived 

pl6iNK4a  mutations. 
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